[1] The accumulation rate of snow is crucial to the development of accurate age-depth models for ice-cores. The dating of the Vostok ice-core assumes that accumulation rates generally vary linearly between the core site and the ice divide 250 km to the west [Jouzel et al., 1996; Lorius et al., 1985; Petit et al., 1999] , an assumption which impacts the timing of prominent climatic transitions. We present evidence for a local accumulation rate anomaly at the ice surface above the western shoreline of Lake Vostok. A significant thickening between isochronous layers results from this geographically fixed high accumulation zone which can be stratigraphically traced to a depth of 820 -1100 m in the Vostok ice-core, a portion known for its high accumulation rates and paleoclimate records that deviate from other Antarctic ice-core records. This non-climatic accumulation anomaly in the Vostok ice-core impacts the flow dependent age models and subsequent interpretations of sequencing of global climate shifts during the last glacial. Additional unrecognized accumulation anomalies are likely present at other depths in this and other cores. These previously unreported geographically fixed accumulation rate anomalies are introduced into ice-cores drilled away from ice domes (e.g., Byrd and Vostok) and should be considered in age depth models.
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[2] The Vostok ice-core, well known for its paleoclimate record [Petit et al., 1999] , was drilled over Lake Vostok, a large subglacial lake located in central East Antarctica [Kapitsa et al., 1996] (Figure 1 ). Ice-penetrating radar profiles collected over Lake Vostok on a regular grid (spaced 7.5 km by 11.25-22.5 km) contain bright continuous internal reflectors to depths of 3 km below the ice surface [Bell et al., 2002; Studinger et al., 2003] . These internal reflectors (Figure 2a ) are isochronous layers that formed at the surface and have been advected to their current depths by ice flow while new snow accumulates at the surface [Paren and Robin, 1975; Robin, 1983] . We traced these layers to the Vostok core site [Siegert et al., 1998 ] and inferred their ages from the Vostok age-depth model [Petit et al., 1999] . As the ice flows over the lake, the layers sag 100-400 m at the lake edge. Downstream, the younger layers (Figure 2a ) gradually slope upwards to the east where a distinct hinge point or change in slope marks their return to their original elevation. Deeper isochrons parallel the lake surface and do not follow this pattern, thus we believe it is a function of surface accumulation rather than freeze-on at the bed. At increased depths, these hinge points are found at increased distances from the shoreline (Figure 2a (middle) ). [Studinger et al., 2003 ]. Contour interval is 5 m. The solid white line marks the grounding line between the flat, featureless ice over the lake and the rough ice surface over the grounded ice sheet. The ice flow over the lake is primarily from west to east, with a southward component over the southern end of the lake. The slope of the grounded ice surface is relatively steep at the western shoreline and becomes very flat over the lake. The Vostok ice-core site is marked by the blue compass symbol at the southeastern edge of the lake. The locations of profiles shown in Figures 2 and 3 are indicated by solid blue lines. White circles are locations with magnitude labels of surface accumulation rate measurements in g cm À2 yr À1 [Dahe et al., 1994] . The hinge lines (see text) for 26, 35, and 39 kyr BP are plotted in red over the lake. GEOPHYSICAL RESEARCH LETTERS, VOL. 31, L24401, doi:10.1029 /2004GL021102, 2004 Copyright 2004 by the American Geophysical Union. 0094-8276/04/2004GL021102$05.00
[3] Identifying the hinge points on east-west radar profiles spaced every 7.5 km enables us to locate each hinge line over the entire lake ( Figure 1 , map view). The hinge line for each layer (26, 35, and 39 kyr before present, BP) resembles the western shoreline of the lake with a prominent bulge occurring downstream of the major peninsula at 77.3°S. The age and depth of the hinge lines increases downflow, to the east.
[4] At shallow depths (<1200 m), a change in thickness between two layers is associated with each hinge line. Isopachs, the thickness of ice between two layers, reveal 40-60 m localized thickening upflow (west) of the hinge line ( Figure 2a (bottom) ). The bulge within the isopachs is consistently thicker by 40-60 m and its width broadens with increasing age difference between the bounding layers ( Figure 2a (bottom) ). Similar to the hinge lines, the eastern edges of the bulges are identified at greater depths downflow (east). These bulges may be due either to deformation associated with ice sheet motion, or to a spatially fixed localized surface accumulation anomaly at the time of deposition [Jacobel et al., 1993; Nereson et al., 2000; Vaughan et al., 1999] . The location of the thickened deposits near the ice surface (i.e., far removed from basal stresses) and the fact that the shape of the hinge lines resembles the western shoreline advected downstream along flow trajectories [Bell et al., 2002; Tikku et al., 2004] , are evidence that the thickened deposits result from surface processes and not deformation. Additional evidence for accumulation rather than deformation as the cause of these features is the fact that they are only present near the ice surface.
[5] The western shoreline is a region of localized high accumulation. Shallow cores [Dahe et al., 1994] along the western shoreline document elevated accumulation rates (Figure 1 ). Within this region the ice surface is marked by a distinct change in surface slope (Figure 1 ) that could lead to enhanced aeolian deposition of katabatic wind-blown snow, creating a localized region of high accumulation [Anderson and Hallet, 1986; Bagnold, 1954] . The regional gradient in surface elevation upflow (west) of the lake is roughly 1 m km À1 sloping down towards the lake. Over the lake, the surface slope of the ice is less than 0.3 m km À1 along-flow. In between, at the western shoreline, the surface slope is as high as 8 -10 m km À1 over a distance of less than 5 km along-flow. As this snow transforms into ice, the increased accumulation signal is preserved within the ice sheet as a shoreline -parallel band of thickened ice. Because the increased accumulation remains at a fixed geographic location on top of a moving ice sheet, the thickened deposits are advected down and to the east over time (Figure 2) . The hinge marks the downstream edge of the thickened deposit and the eastern edge of the bulge is found upstream of the hinge line.
[6] The geometry of the thickened deposits provides new insights into regional accumulation rates and local ice sheet paleo-velocities. Using the dates determined from the Vostok ice-core, we calculated the average accumulation rate for four isopach intervals by dividing the isopach thickness by the age difference of its bounding layers. The thickened deposits yield high accumulation rates of >2 cm yr À1 of ice equivalent. Ice downflow (east) of the thickened deposits formed over Lake Vostok is characterized by low and extremely regular accumulation rates of $1 cm yr À1 (Figure 2a (bottom) ) while the upstream ice formed to the west of Lake Vostok is characterized by highly variable patchy accumulation (with an average of 1.2 cm yr À1 and a 1 cm yr À1 standard deviation). Along two flow lines (Figure 1) , the distance between the dated hinge points can be used to calculate the past ice sheet velocity [Ng and Conway, 2004] . In the north, between 26-39 kyr BP the ice sheet's velocity was 1 m yr
À1
. Along the southern flow line, intersecting the Vostok ice-core, the velocity for the same time interval is 0.7 m yr
. These rates are significantly lower than the present day velocities of $2.0 m yr À1 determined from GPS positioning (R. Dietrich, personal communication), as would be projected by the substantially lower accumulation rates of ice in the past.
[7] We developed a 2-dimensional model of snow/ice accumulation and advection that reproduces key characteristics of the observed layer geometry and isopach thickening. Our simple geometric model applies only to the floating portion of the ice sheet, as we do not vary velocity either laterally or vertically. In this model, a bell-shape surface snow-accumulation rate curve of width w (m) and amplitude h (m yr À1 ), accumulates onto an ice sheet moving at speed u (m yr À1 ). The depth and geometry of the simulated layers were obtained by summing the accumulation curve each year while displacing the underlying ice sheet downflow by u meters every year (Figure 2b ). Using the calculated background accumulation rate (1 cm yr À1 ) and paleovelocity (1 m yr
) for the northern profile, a 16-km-wide increased-accumulation zone of amplitude 1 cm yr À1 at the western shoreline will produce the layer geometry and accumulation anomaly (Figure 2b ) observed in the radar data (Figure 2a) . The stratigraphy for this configuration predicts layers which sag below the fixed high accumulation point and return to their original depth downstream. The well-defined hinges and bulges migrate down and to the east with age. In the simulated layer the hinges are clearly resolved as the points where thickening begins (Figure 2b  (bottom) , open circles). The bulges within the isopachs are characterized by a maximum thickness of 60 m at the eastern edge (Figure 2b (bottom), triangles) . The lateral extent of the thickened deposit depends on the age difference between the layers.
[8] To identify the depth range within the Vostok ice-core impacted by this localized surface high accumulation zone, we extracted the depth of five internal layers along the Vostok flow line (Figure 3a) . We calculated four isopachs along this profile from which the hinge points are identified (Figure 3a, open circles) . Upflow of the hinge points, the isopachs are thickened by 15-50 m (triangles). The trailing edge of the thickened deposit is marked as a square (Figure 3a) . The projection of the hinge and the trailing edge of thickened isopachs along the Vostok flow line intersect the ice-core site at 820 m and 1100 m depth respectively (±30 m). This observed 280 m thick impacted interval is close to our model prediction of a 250 m thick interval using accumulation characteristics and ice velocity typical of the Vostok trajectory.
[9] In this segment of the Vostok ice-core (820-1100 m) the age-depth models diverge significantly. For example, Jouzel et al. estimate the age of this 280 m thick interval to be 53.7-77.59 kyr while Sowers et al. [Sowers et al., 1993] estimate the age to be 56.5-75.2 kyr. The timing of the Vostok climate record also diverges from other Antarctic ice cores (Figure 4 ). Our [Sowers et al., 1993] [Sowers et al., 1993] between 820 -1100 m produces values as large as 2 -3 cm yr À1 (Figure 3b ), similar in amplitude to our model prediction.
[10] Subglacial lakes such as Lake Vostok can produce spatially fixed changes in surface slope that can produce significant localized anomalies in the accumulation record. The stratigraphic manifestation of the localized shoreline accumulation zone is clearly preserved due to the absence of basal stress over Lake Vostok. Evidence for additional deeper accumulation anomalies includes similar disruption of isochronous layers with increasing depth downflow and the presence of persistent thickening of isopachs to the west of the shoreline deposit described here. These results suggest that other accumulation anomalies associated with fixed subglacial topographic features are likely present within Vostok and other ice-cores but are rarely recognized. The anomalous accumulation rates produced by such topography will impact the age models at greater depths, and must be considered in the interpretation of the phasing of global climatic records. [Parrenin et al., 2004] and Dome C [EPICA Community Members, 2004 ] between 30,000 and 100,000 years ago. Dashed vertical lines mark the interval of the Vostok core impacted by the accumulation anomaly. Solid straight lines demonstrate the offset between astronomically forced peaks in accumulation at these two sites. The Vostok record lags the Dome C record due to anomalous accumulation rates which were not incorporated into the Vostok age model.
